INTRODUCTION
A number of advances in curing cancer in the last decade have come from successful combinations of conventional chemotherapeutic agents with radiation therapy (1). 1-(3-C-Ethynyl-␤-D-ribo-pentofuranosyl) cytosine (ECyd, TAS106) is a newly developed antitumor agent that targets RNA synthesis (2) . We have reported that doses of ECyd of less than 5 M radiosensitize both caspase-dependent apoptosis and reproductive death in cells of the gastric tu-mor cell lines MKN45 and MKN28, murine rectum adenocarcinoma cell line Colon26, and Chinese hamster lung fibroblast cell line V79 (3, 4) . Treatment of cells with ECyd at these concentrations, which are one order of magnitude lower than that used in single-agent therapy, showed little cytotoxicity. In ECyd-enhanced radiation-induced apoptosis, down-regulation of the G 2 /M checkpoint-related proteins and anti-apoptosis proteins, i.e., phosphorylated CDC2, WEE1, cyclin B1, survivin, Bcl-X L and BCL2, was found to be important in various cell lines. However, it is still unclear which molecule among these proteins plays a crucial role in sensitization to radiation-induced apoptosis by ECyd because of its nonspecific inhibitory effect on RNA synthesis in tumor cells.
Recently, it was reported that a G 2 /M checkpoint regulator, CDC2, controlled the activity of the anti-apoptosis protein survivin (5) . Survivin is strongly expressed in the G 2 /M phase and undergoes cell cycle-dependent phosphorylation on Thr34 by a CDC2-cyclin B1 complex to make a complex with caspase 3 on the mitotic apparatus. The loss of this phosphorylation results in dissociation of the survivin/caspase 3 complex, followed by the induction of caspase 3-dependent apoptosis in cells traversing mitosis (5) . The apoptosis induced by the anti-tumor drugs Taxol (6) and flavopilidol (7) was reported to be enhanced by the overexpression of dominant negative T34A survivin (threonine to alanine at codon 34) in tumor cells, suggesting that the activity of CDC2 prevented apoptosis through phosphorylation of survivin.
In the present study, to obtain direct evidence that the activity of CDC2 kinase was associated with the maintenance of an anti-apoptosis system in X-irradiated tumor cells, the purine analog derivative purvalanol A, which is a CDK inhibitor, was used. Purvalanol A was recently developed as a protein kinase inhibitor with high selectivity for CDC2 (CDK1) through competitive inhibition of ATP binding (8, 9) . A previous report showed that cotreatment with purvalanol A and Taxol, a microtubule stabilizing agent, enhanced apoptosis through the inhibition of CDC2 kinase activity (10) . There has been no report on the enhancement of radiation-induced apoptosis and loss of clonogenic ability caused by the inhibition of CDC2 kinase ac-564 IIZUKA ET AL.
tivity. We report here that purvalanol A enhances radiationinduced apoptosis and reproductive cell death in gastric tumor MKN45 cells with wild-type p53 and MKN28 cells with mutated p53. In addition, we examined the effects of purvalanol A on the expression of the anti-apoptosis proteins survivin, XIAP, Bcl-X L and BCL2.
MATERIALS AND METHODS

Chemicals
RPMI 1640 medium was purchased from Invitrogen (Carlsbad, CA). Purvalanol A and benzyloxycarbonyl-val-ala-asp-fluoromethyl-ketone (Z-VAD-FMK) were obtained from Calbiochem (San Diego, CA) and dissolved in DMSO at 2 mM and 20 mM, respectively. Propidium iodide (PI) was purchased from Sigma Chemical Company (St. Louis, MO). 
Cell Culture
Cells of the human gastric adenocarcinoma cell lines MKN45 (wildtype p53) and MKN28 (mutated p53) were grown in RPMI 1640 medium containing 10% fetal calf serum at 37ЊC in 5% CO 2 /95% air. All experiments used 8 ϫ 10 5 cells per sample. Cells were cultured for 24 h before starting experiments to ensure that they were in the logarithmic growth phase. At that time, cells were about 60% confluent and did not become entirely confluent before each experiment. For Western blotting, three replicates per sample were prepared to obtain sufficient amounts of cells.
Treatment of Cells with Drugs and X Radiation
X irradiation was performed with a Shimadzu HF-350 X-ray generator (200 kVp and 20 mA with a 1.0-mm aluminum filter) at a dose rate of 3.9 Gy/min, which was determined using Fricke's chemical dosimeter. Treatments with purvalanol A and Z-VAD-FMK were carried out by adding 3.75-15 l of 2 mM (purvalanol A) or 20 mM (Z-VAD-FMK) stock solution to cells in 1.5 ml of growth medium in a 60-mm-diameter petri dish 5 min before X irradiation at 37ЊC, which had the maximal effect on cell cycle inhibition (data not shown). All samples except for those treated with purvalanol A and/or Z-VAD-FMK were treated with DMSO only.
Clonogenic Survival Assay
The surviving fraction was assayed by using the plasma clot technique with platelet-poor human plasma according to the method described by Kashiwakura et al. (11) . In each sample, the cells incubated for the indicated periods after X irradiation were collected by trypsinization and centrifugation at 1,000 rpm for 5 min at 4ЊC. Then the pellet was washed in Ca 2ϩ -and MG 2ϩ -free phosphate-buffered saline PBS(-). Culture medium containing 100 to 6,000 cells/0.4 ml and 15% human platelet-poor AB plasma and growth factor(s) in Iscove's modified Dulbecco's medium (Invitrogen) with 74 g/ml CaCl 2 (Wako) and 0.17% bovine serum albumin (Filtron, Brooklyn, Australia) was prepared. Three replicates of medium (0.4 ml) per dose were plated in 24-well culture plates (Corning Inc., Corning, NY) and incubated at 37ЊC in 5% CO 2 /95% air for about 14 days (MKN45) and 10 days (MKN28), which were 10 times the doubling times (30 h and 22 h for MKN45 and MKN28 cells, respectively). Then each well was fixed twice with a 2:1 mixture of acetone and methanol for 15 min. The plates were dried in an airflow overnight and kept at Ϫ20ЊC until staining. For staining, the plates were removed from the freezer, returned to room temperature, stained with Giemsa stain, and scored under a microscope. Only colonies containing more than 50 cells were scored as surviving cells, and from 10 to 80 colonies were counted at each dose. After the surviving fraction at each dose was calculated with respect to the plating efficiency of the nonirradiated control, the means Ϯ SD of surviving fractions from three experiments were plotted to produced dose-response curves.
Fluorescence Microscope Observation of Apoptotic Cells
Cells incubated for the indicated periods after X irradiation were collected by centrifugation at 1,000 rpm for 5 min at 4ЊC. The pellet was washed in PBS(-) and fixed with 1% glutaraldehyde/PBS(-) solution. For fluorescence microscopy, the fixed cells were washed and resuspended in PBS(-). An aliquot containing 5 ϫ 10 5 cells was stained with 40 g/ml propidium iodide (PI) in 20 l of PBS(-) for 15 min in the dark. Fluorescence microscope observation was performed using an Olympus BX50 microscope with reflected-light fluorescence. Apoptosis was defined by morphological changes such as nuclear fragmentation and condensation. The fraction of apoptotic cells was calculated as the percentage of apoptotic cells relative to the total cells observed microscopically. Three independent experiments were performed.
CDC2-Associated Histone H1 Phosphorylation Assay
Measurement of cyclin-dependent CDC2-associated H1 phosphorylation was performed using a slight modification of the method described by Inanami et al. (3) . Cells were lysed in lysis buffer (50 mM Hepes, pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM Na 4 P 2 O 7 , 1% NP-40, 50 mM sodium fluoride, 2 mM EDTA, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ ml leupeptin, and 10 g/ml pepstatin A) for 30 min at 4ЊC. The cell lysate was centrifuged at 13,000 rpm for 30 min at 4ЊC. Then 400 g of protein was added to protein A-Sepharose CL-4B (Amersham Biosciences, Piscataway, NJ), preassociated with the anti-CDC2 antibody, and mixed gently overnight at 4ЊC. The immunoprecipitate was washed twice with lysis buffer and twice with wash buffer (20 mM Hepes, pH 7.4, 10 mM MgCl 2 , 0.5 mM dithiothreitol) and incubated with 20 l of wash buffer containing 3 g of histone H1 (Roche Diagnostics), 10 M ATP, and 185 kBq (5 Ci) of [␥-32 P]ATP (5000 Ci/mmol, Amersham Biosciences) for 30 min at 30ЊC. Each sample was mixed with 10 l of a threefold volume of Laemmli's sample buffer (187.5 mM Tris-HCl, pH 6.8, 30% glycerol, 15% ␤-mercaptoethanol, 4% SDS and 0.004% bromophenol blue) to stop the reaction, heated for 3 min at 95ЊC, and subjected to SDS-PAGE. The gel was dried and analyzed with a Fuji Bioimage Analyzer BAS2500. Two independent experiments were performed.
Cell Cycle Analysis by Flow Cytometry
Cells incubated for the indicated periods after X irradiation were collected by centrifugation at 1,000 rpm for 5 min at 4ЊC. Then the pellet was suspended in 100 l of PBS(-). One microliter of 20 mg/ml RNase A in PBS(-) was added, and the suspension was incubated at 37ЊC for 30 min to hydrolyze RNA. After 1,000 rpm centrifugation at 4ЊC for 5 min, the pellet was suspended in 1 ml of PBS(-). Fifty microliters of PBS(-) containing PI at 1 mg/ml was added followed by incubation for 30 min in the dark for staining. The DNA content in 10,000 cells was analyzed using an EPICS XL flow cytometer (Beckman Coulter, Fullerton, CA). Three independent experiments were performed. 
SDS-PAGE and Western Blotting
Cells were collected at the indicated times after X irradiation, and 5 ϫ 10 6 cells were suspended in 75 l of lysis buffer (20 mM Hepes, pH 7.4, 2 mM EGTA, 50 mM glycerophosphate, 1% Triton X-100, 10% glycerol, 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml pepstatin A, and 10 g/ml leupeptin), kept on ice for 30 min, and sonicated twice for 30 s at ice-cold temperature. After centrifugation at 12,000 rpm for 30 min at 4ЊC, a threefold volume of Laemmli's sample buffer was added to the supernatant, and it was boiled for 3 min. Proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes (Advantec Toyo, Tokyo, Japan). The membranes were probed with anti-CDC2, anti-cyclin B1, anti-WEE1, anti-survivin, anti-XIAP, anti-caspase 3 or anti-actin in TBST buffer (10 mM Tris-HCl, 0.1 M NaCl, 0.1% Tween-20, pH 7.4) containing 5% nonfat skim milk, anti-phospho-CDC2 in TBST buffer containing 5% BSA, and anti-Bcl-X L , anti-BCL2 or anti-BAX in TBST buffer containing 3% nonfat skim milk. These antibodies were detected using HRP-conjugated anti-rabbit, anti-mouse or anti-goat IgG antibodies with Perkin Elmer Western Lightning TM , Chemiluminescence Reagent Plus. Three independent experiments were performed. The bands were quantified by NIH Image analysis (1.63).
RESULTS
Purvalanol A Inhibits Radiation-Induced CDC2 Kinase Activity and Suppresses Accumulation in G 2 /M Phase in X-Irradiated Tumor Cells
Since purvalanol A was developed to target the activities of CDKs, we again confirmed that it affected the CDC2 kinase activity in MKN45 and MKN28 cells. Figure 1 shows the radiation-induced increase in CDC2 kinase activity as measured by the CDC2-associated histone H1 kinase assay. Since histone H1 is known to be a substrate for phosphorylation by CDC2, measurements of its phosphorylation level are widely recognized as cellular CDC2 kinase activity (12) . The CDC2 kinase activity increased with time up to 24 h and then appeared to level off in MKN45 cells, whereas it increased with time up to 36 h in MKN28 cells (Fig. 1A and B, upper panel) . Treatment of irradiated cells with purvalanol A suppressed the radiation-induced increase in CDC2 kinase activity (Fig. 1A and B, lower panel). This result was in accord with a previous report (10) .
To study the effects of purvalanol A on radiation-induced cell cycle checkpoints and apoptosis, flow cytometry analysis was performed using MKN45 and MKN28 cells (Fig.  2) . The profile of untreated cells was unchanged through 24 h (Fig. 2A) . When cells were exposed to 20 Gy of X rays and incubated for 24 h, the flow cytometry profile showed a marked increase in the G 2 /M fraction but not in the sub-G 1 fraction, suggesting that radiation-induced G 2 /M arrest occurred. Cotreatment of cells with purvalanol A and X rays resulted in a decrease in the G 2 /M fraction and an increase in the sub-G 1 fraction. In purvalanol A-treated cells, the G 1 fraction was slightly decreased but the S and G 2 /M fractions leveled off, indicating the inhibition of G 1 -to S-phase progression. This phenomenon was in accord with a previous report (13) . Then an increase in the sub-G 1 fraction was observed, showing the toxicity of 20 M purvalanol A. The increase of the sub-G 1 fraction in purvalanol A-treated cells exposed to 20 Gy of X rays was significantly different from that of treatment with purvalanol A alone [sub-G 1 fraction at 24 h: 22.7 Ϯ 0.9% (MKN45) and 24.0 Ϯ 1.0% (MKN28) with purvalanol A only, and 50.6 Ϯ 0.8% (MKN45) and 40.4 Ϯ 0.1% (MKN28) in purvalanol A-treated cells exposed to 20 Gy of X rays, P Ͻ 0.01 by Student's t test]. Observation of the time course of the cell cycle confirmed that X radiation alone increased the G 2 /M fraction and purvalanol A increased the sub-G 1 fraction (fraction of apoptotic cells), whereas it reduced the G 2 / M fraction. These results suggested that purvalanol A inhibited radiation-induced CDC2 kinase activity and reduced accumulation of X-irradiated cells in G 2 /M.
Purvalanol A Inhibits Activation of Radiation-Induced G 2 /M Checkpoint-Related Proteins
To examine the effects of X rays with and without purvalanol A on regulatory proteins for the G 2 /M phase, the expression of phospho-CDC2, CDC2, WEE1 and cyclin B1 was examined. Figure 3A shows the results for X-irradiated cells. Accumulation of cyclin B1 and phospho-CDC2, which are important regulating molecules for the cell cycle in the G 2 /M phase, occurred even though the expression levels of CDC2 and WEE1 were constant. The treatment with purvalanol A suppressed the expression of phospho-CDC2, WEE1 and cyclin B1 not only in X-irradiated cells but also in unirradiated cells compared with that shown in Fig. 3A (Fig. 3C) . The change in the cell cycle distribution induced by purvalanol A alone, as shown in Fig. 2C , might have been due to the decreased responses in the expression of these cell cycle-related proteins. Quantitative analysis of these bands showed a significant difference between X-irradiated cells and purvalanol A-treated cells exposed to X rays at 24 h (Fig. 3D, F, G) .
Purvalanol A Enhances Radiation-Induced Cell Death in MKN45 and MKN28 Cells
As shown in Fig. 2 , cotreatment of cells with purvalanol A and X rays increased the sub-G 1 fraction, suggesting the induction of apoptosis. Therefore, we examined the effects of X rays with and without purvalanol A on apoptosis by morphological evaluation. Figure 4A shows fluorescence microscope observations of morphological changes characteristic of apoptosis in nuclei stained with propidium iodide, including DNA fragmentation and chromatin condensation. X irradiation with a dose of 20 Gy induced no apoptosis. When cells were treated with purvalanol A after X irradiation, typical morphological alterations characteristic of apoptosis were observed (white arrows in the fourth panel of Fig. 4A ). Quantitative measurements of apoptotic cells done with fluorescence microscopy revealed that, starting at 10 M purvalanol A, apoptosis was induced in a dosedependent manner in X-irradiated cells (Fig. 4B) . In cells treated with 15 M purvalanol A, the number of apoptotic cells increased as a function of the X-ray dose in the range from 2.5 Gy to 20 Gy (Fig. 4C) . Figure 4D shows that the broad-spectrum caspase inhibitor Z-VAD-FMK almost completely inhibited the induction of apoptosis. These results suggested that the induction of apoptosis by cotreatment of cells with purvalanol A and X rays was dependent on the activity of caspase. In addition, it was also observed that Z-VAD-FMK inhibited purvalanol A-induced apoptosis (data not shown). Similar observations were obtained for MKN28 cells (Fig. 4E) . Furthermore, to evaluate whether purvalanol A enhanced radiation-induced reproductive cell death, the colony-forming ability of the cells was examined. About 50% of MKN45 cells and 30% of MKN28 cells survived at the concentration of 15 M purvalanol A. Even after correction of the surviving fraction for this toxicity, significant sensitization in clonogenic survivals was observed ( Fig. 4F and G induced reproductive cell death by 10 M purvalanol A was observed (data not shown). Activation of caspase 3, the key molecule in the induction of apoptosis, was also examined in MKN45 and MKN28 cells as shown in Fig.  5 . The activation of caspase 3 is known to be achieved through the proteolytic processes of procaspase 3 by upstream caspase 8 or caspase 9 (14) . The active fragments of caspase 3 (p17) were not detected after the treatment with X rays alone, whereas faint bands due to active fragments were found after the treatment with purvalanol A alone. Large amounts of the active fragments were observed in X-irradiated cells treated with purvalanol A (Fig.  5A ). Quantitative analysis of these bands showed a significant difference between purvalanol A-treated cells and purvalanol A-treated cells exposed to X rays (Fig. 5B) , and the amounts of active fragments in purvalanol A-treated cells exposed to X rays were 4.3-fold in MKN45 and 7.2-fold in MKN28 compared with those of purvalanol A-treated cells, respectively. These results suggested that the enhancement of purvalnaol A-induced apoptosis in X-irradiated gastric tumor cells could be explained by the increase in active caspase 3.
Purvalanol A Inhibits the Expression of RadiationInduced Anti-apoptosis Proteins
To identify the molecules responsible for radiation-induced apoptosis in the presence of purvalanol A, the expression of anti-apoptosis proteins was examined in MKN45 cells. Western blot analysis of survivin, XIAP, Bcl-X L and BCL2 is shown in Fig. 6 . In the Western blots obtained from cells exposed to X rays alone, the expression of survivin and XIAP was almost unchanged (Fig.  6A) , whereas expression of Bcl-X L and BCL2 was increased. Treatment with purvalanol A suppressed not only the basal expression of survivin, XIAP, Bcl-X L and BCL2 (Fig. 6B ) but also the radiation-induced increases in the expression of all proteins (Fig. 6C) . On the other hand, the expression of BAX, a known pro-apoptosis protein, was almost unchanged after X irradiation but was slightly decreased by the treatment with purvalanol A. These data indicated that the decrease in expression of anti-apoptosis proteins induced by purvalanol A occurred irrespective of the treatment with X radiation. Moreover, down-regulation of the expression of survivin and Bcl-X L was also ob- served in X-irradiated MKN28 cells in the presence of purvalanol A (Fig. 6I-K) . Quantitative analysis showed that levels of these anti-apoptosis proteins in purvalanol A-treated cells with and without X rays were significantly lower than those in cells exposed to X rays alone (Fig.  6D-G, L-M) .
DISCUSSION
In the present study, radiation-induced up-regulation of CDC2 kinase activity was shown to be inhibited by treatment with purvalanol A (Fig. 1) . Gray et al. tested the inhibitory effect of purvalanol A against the activities of 22 human kinases in a cell-free system and found that CDC2 kinase activity was strongly inhibited at a low concentration of this drug (IC 50 ; 4 nM) (8), indicating its high selectivity. We confirmed this characteristic of purvalanol A in a cellular system using MKN45 cells by observing that treatment of cells with 20 M purvalanol A completely inhibited the radiation-induced increase in the activity of CDC2 and the expression of phospho-CDC2 and cyclin B1 (Figs. 1 and 3 ) in the G 2 /M fraction (Fig. 2) and produced an increase in the sub-G 1 fraction. From these results, it was concluded that purvalanol A had strong inhibitory ef-570 IIZUKA ET AL.
fects against radiation-induced activation of CDC2 and the G 2 /M checkpoint.
Interestingly, the enhancement of radiation-induced apoptosis by purvalanol A occurred in a p53-independent manner, because the enhancement was observed in both p53-wild MKN45 cells and p53-mutated MKN28 cells. In addition, sensitization was observed in the radiation-induced loss of clonogenicity. This is the first report that purvalanol A enhances high-dose radiation-induced cell death through the inhibition of radiation-induced CDC2 kinase activity (Figs. 1 and 4) . For sensitization to cell killing in tumor cells and tissues exposed to ionizing radiation, treatments combined with a pharmacological agent with the ability to abrogate the G 2 /M checkpoint have been of interest. UCN-01 and caffeine have been shown to be able to enhance radiation-induced cell killing by inhibition of kinases such as ATM, ataxia telangiectasia mutated and RAD3-related (ATR), and CHK1 exists in the upstream of CDC2 (15) (16) (17) (18) . Palayoor et al. examined the effects of several xanthine derivatives on the radiation-induced G 2 /M checkpoint and apoptosis and found that caffeine, theobromine, theophylline and 2-aminopurine abrogated the checkpoint and enhanced the degree of apoptosis in EL4 murine T-lymphoma cells (19) . In addition, caffeine and UCN-01 efficiently abrogated radiation-induced G 2 /M arrest and induced mitochondrial activation and the release of cytochrome c and Smac/Diablo, which are two mitochondrionderived pro-apoptosis factors required for the activation of the intrinsic death pathway, in MCF-7 cells lacking caspase 3 expression (20) . Our present experiments showed that pharmacological inhibition of the activity of CDC2, which is considered a downstream signaling molecule of ATM, ATR or CHK1, also induced inhibition of the G 2 /M checkpoint and enhanced the induction of apoptosis in gastric tumor cells exposed to X rays, suggesting that the radiationinduced activation of CDC2 up-regulated the anti-apoptosis system. Evaluation of the expression of anti-apoptosis proteins in MKN45 cells exposed to X rays in the presence or absence of purvalanol A led us to postulate that CDC2 could regulate the expression of survivin and XIAP, as shown in Fig. 6 . Activated CDC2 has been reported to phosphorylate survivin at Thr34, resulting in resistance to the ubiquitin-proteasome pathway (10, 21) . This fact prompted us to speculate that the inhibition of radiationinduced CDC2 kinase activity by purvalanol A shortened the lifetime of survivin. It has also been reported that a dominant-negative CDC2 mutant down-regulates the expression of XIAP (22) . Survivin and XIAP are reported to be inhibitors of apoptosis protein (IAP) with baculovirus IAP repeat (BIR) domains and to suppress apoptosis by interacting with both initiator and effector caspases and then inhibiting their enzymatic activities (23, 24) . Survivin was also found to be expressed intensely in the G 2 /M phase (23) . Recently, survivin and XIAP have been focused on as molecular targets for cancer therapy, since the basal expression levels of survivin and XIAP proteins are elevated in many cancer cell lines, and their down-regulation makes cancer cells more sensitive to chemotherapeutic drugs (25) . The present experiments showed that purvalanol A downregulated the IAP and anti-apoptosis BCL2 families, suggesting that it has potential for clinical use, though more low-dose experiments should be done.
Inhibition of ERK1/2 activity was reported to induce down-regulation of the expression of anti-apoptosis homologs Bcl-X L , BCL2 and MCL1 in pancreatic tumor MIA PaCa-2 cells (26) . Therefore, the down-regulation of the expression of Bcl-X L and BCL2 shown in Fig. 6C may be explained by a nonspecific inhibitory effect of purvalanol A on ERK1/2 activity. However, treatment of X-irradiated MKN45 cells with an ERK1/2 inhibitor, PD98059, did not affect the increase in the induction of apoptosis (data not shown). This indicated that the ERK signaling pathway was not associated with the enhancement of radiation-induced cell killing by purvalanol A in the tumor cells used in the present experiments. As a possible mechanism for the suppression of anti-apoptosis proteins by purvalanol A, the inhibition of radiation-induced CDC2 kinase activity by purvalanol A may attenuate the transcription factors for these anti-apoptosis proteins, because Bhonde et al. showed that the inhibition of cyclin-dependent kinase by a high dose of UCN-01 induced apoptosis and the down-regulation of Bcl-X L in colon carcinoma cell lines SW48 and HT-29 through inhibition of STAT3 and NF-B (27) .
As demonstrated in Fig. 6 , the expression levels of antiapoptosis proteins, i.e., survivin, XIAP, Bcl-X L and BCL2, with purvalanol A alone were similar to those with purvalanol A and X rays. On the other hand, X radiation alone induced increases of the expression of Bcl-X L and BCL2 but did not significantly influence the expression of survivin or XIAP. Consequently, X radiation alone induced no apoptosis, as shown in Fig. 4 . If radiation-induced DNA damage or membrane damage could initiate the signal transduction pathways for apoptosis, the radiation-induced up-regulation of the expression of Bcl-X L and BCL2 shown in Fig. 6 might inhibit unknown intermediate molecules to lead to apoptosis. At this stage, we cannot accurately explain how the treatment with purvalanol A enhanced apoptosis in the tumor cells exposed to X rays, as shown in Fig. 4 . However, down-regulation of anti-apoptosis proteins in the presence of purvalanol A may lead to abrogation of their anti-apoptosis functions induced by X radiation, followed by enhancement of apoptosis. In fact, the formation of active fragments of caspase 3 (p17) was not induced by X radiation alone, but large amounts of these active fragments appeared when the anti-apoptosis proteins in cells exposed to X rays were down-regulated by the treatment with purvalanol A, as shown in Fig. 5 . This fact strongly suggested that the treatment with purvalanol A released the inhibitory machinery against caspase 3-dependent signal transduction pathways leading to apoptosis in X-irradiated tumor cells.
In summary, the CDK inhibitor purvalanol A was shown to efficiently inhibit radiation-induced CDC2 kinase activity and the expression of regulatory proteins of the G 2 /M phase, which were related to the G 2 /M checkpoint. Furthermore, the treatment with purvalanol A resulted in a significant increase in radiation-induced cell death. These data suggest that the inhibition of radiation-induced CDC2 kinase activity could be a clinical target for cancer radiotherapy.
